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Abstract 
A new composite polymer electrolyte consisting of low-molecular mass polysaccharide (agarose) filled with titanium 
oxide and containing LiI and I2 was developed. The introduction of the inorganic filler (TiO2) into the agarose 
polymer matrix changes the thermal and ionic conductive properties of host polymer electrolyte. The polysaccharide 
electrolyte with different inorganic filler TiO2 concentrations (0-30 wt %) is studied systematically by differential 
scanning calorimetry (DSC) and the AC impedance spectra. Upon addition of the inorganic oxide, the glass transition 
temperature (Tg) of the electrolyte decreases within the range of 0-2.5 wt % TiO2 changed electrolytes, which results 
in high conductivity in these electrolytes. Then the Tg increases with the TiO2 content until 30 wt % and the ionic 
conductivity of the electrolyte decreases in this concentration range. From the electrochemical analysis, it is observed 
that the electron lifetime in TiO2 of DSSC decreases with inorganic filler contents, which results in lower Voc in the 
high TiO2 content added DSSC. Based on these results, the optimized efficiency of titania added DSSC is 4.74% at 
2.5 wt % titania concentration. 
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1.  Introduction 
Dye-sensitized solar cells have attracted great scientific and technological interest as potential 
alternatives to classical photovoltaic devices due to their high conversion efficiency and low production 
cost [1, 2]. However, the stability and long-term operation of the cell are affected by solvent evaporation 
or leakage of liquid electrolyte. Thus, the commercial exploitation of these devices needs the replacement 
of the liquid electrolyte by a polymer gel or solid electrolyte. To improve the performance and stability of 
the DSSC, much effort has been directed towards development of non- volatile electrolytes meeting the 
stability requirements for outdoor applications in the last decade [3-5]. Impressive improvements have 
been achieved on the photovoltaic performance and the stability of devices [6-8]. 
Recent researchers on polymer electrolyte proved that the incorporation of inorganic nanoparticle filler 
in polymer electrolyte yields higher ionic conductivity [9, 10]. The filler provides a solid like support 
matrix, allowing the amorphous polymer to maintain its liquid-like characteristics in terms of fast ionic 
mobility at the microscopic level. This could help in enhancing the cell performance, and further could 
increase the stability and lifetime of these devices [11]. 
Polysaccharide (agarose and ț-carrageenan), can form an elastic solid containing excess of water [12], 
the electrochemical and photochemical reactions can take place in the solid. The molecular diffusion [13] 
and ionic conductivity in this solid are almost the same as in liquid water [14]. Therefore, this interesting 
solid containing a large excess liquid can be used as an electrolyte medium instead of water for 
conventional electrochemical measurement and offer a new heterogeneous medium for photoenergy 
conversion. On the other hand, polysaccharide is considered to be a good polymer matrix to form cross-
linking networks in the polymer electrolyte with other components, due to rich hydroxyl groups in its 
molecule structure. The formation of continuous networks in the electrolyte is beneficial for the ion 
transportation, thus the ionic conductivity and the performance of the corresponding DSSC will be 
improved.  
In this paper, we report on the preparation of a homogeneous agarose based gel electrolyte simply by 
directly dissolving agarose into 1-methyl-2-pyrrolidinone (NMP). The agarose polymer electrolytes with 
different inorganic filler TiO2 concentrations (0-30 wt %) were prepared and the photoelectric 
performances of the corresponding DSSCs as a function of TiO2 content are studied systematically. The 
thermal (DSC) and electrochemical impedance studies reveal the pivotal influence exerted by the agarose 
and TiO2 in the polymer electrolyte on the ionic conductivity and photovoltaic response of the DSSC. 
2. Experiments 
2.1. Sample preparation 
Agarose (Mw=5000g mol-1) was purchased from SCRC, China and the molecular structure of the 
agarose in this study is presented in Fig. 1. Lithium iodide (LiI, 99%) was purchased from Acros. TiO2 
(P25, 20–30 nm) was purchased from Degussa AG, Germany. Iodine (I2) and other common reagents and 
organic solvents were purchased from SCRC, China. 
For the composite electrolyte preparation, 0.2g agarose was added into 10g NMP and stirred at 80 oC 
in the hermetic brown flask in silicone bath for 4 h. Then the inorganic nanoparticels (TiO2, P25) with the 
concentration range 0~30 wt % of the polymer were slowly introduced and stirred for another 2 h. After 
that, solid LiI, and I2 with LiI/I2=10:1 (molar ratio, LiI: 0.08143g; I2: 0.01542g) were added to the above 
polymer solutions and stirred continuously in the hermetic brown flask until a homogeneous viscous 
liquid was formed.  
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Nanoporous TiO2 electrodes were prepared according to previous report [15]. The assembly of the 
dye-sensitized solar cell was according to the following steps. The counter-electrode is platinum plate. 
The electrolyte was sandwiched between the photoelectrode and platinized counter electrode and was 
heated under 73 ƕC to contraol the evaporation of the solvent in oven until forming very viscous gel.  
2.2. Sample characterization 
Differential scanning calorimetry (DSC) of the polymer electrolytes with different inorganic filler TiO2 
concentrations were carried out with Netzsch DSC 200PC (Germany). The samples were heated at a rate 
of 10 ƕC miní1 from í100 to 200 ƕC under nitrogen flow.  
The ionic conductivity of polymer electrolytes was obtained using an electrochemical cell consisting 
of the electrolyte film sandwiched between two platinum blocking electroldes. The impedance 
measurements of the electrolyte films were carried out on AC impedance analyzer (Agilent 4294A, USA) 
from 40 Hz to 1 MHz with signal amplitude of 10mV.  
The electrochemical impedance measurements of the cells with different TiO2 concentrations were 
carried out on the CHI 660C electrochemical system (Chenghua, Shanghai), over the frequency range of 
0.001–105 Hz and the perturbation voltage of 10 mV. These DSSCs were kept under the light illumination 
and the forward bias of í0.6 V was applied on all the samples.  
Photocurrent–voltage (I–V) measurements were recorded using a computer-controlled Keithley 2400 
digital source meter unit (USA) by illuminating the cell through the active photoelectrode under Oriel 
solar simulator (Oriel, 91192). The intensity of the incident light was calibrated by a Si-1787 photodiode 
(spectral response range: 320 to 730 nm). The power of the incident white light from the solar simulator 
was 73 mWcmí2. The active DSSC area was controlled at 0.25 cm2 by a mask. All of the measurements 
mentioned above were taken at ambient environment. 
3. Experiments  Results and Discussion 
3.1. DSC Characteristics of electrolytes containing different TiO2 nanoparticle concentrations 
Figure 1 shows the relationship between the Tg and the filler TiO2 nanoparticle contents (0, 2.5, 5, 7.5, 
10, 15, 30 wt %) in the agarose electrolytes. Tg values of the electrolytes with different TiO2 contents are 
variable in the range of -87~-61 oC and they follow a clear trend with filler concentration. The Tg values 
start from -77.3 oC, gradually decrease to -86.3 oC at 2.5 wt % TiO2 content and then increase 
continuously to -60.8 oC as the filler concentration increasing to 30 wt %.  
 
 
Fig. 1. Glass transition temperature, Tg, of agarose based polymer electrolytes depending on the TiO2 nano-particle concentration. 
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As Tg is much lower in the lower TiO2 concentrations (0-5 wt %) than that in the higher TiO2 
concentrations (>5 wt %), the amorphous phase becomes more flexible and the ionic conductivity should 
be enhanced in this TiO2 concentration range (0-5 wt %). The observed lower values of Tg in the 0-5 wt % 
TiO2 concentration range is due to the interaction of the polymer with the filler particles, which hinders 
the inter/intra-molecule cross-linking interactions within/between polymers [16]. Meanwhile, the Tg 
increases rapidly in the higher TiO2 nanoparticle concentrations (exceeding 5 wt %), which may be due to 
the possible formation of crystalline phase if the abundant filler particle acts as a nucleation center of the 
crystalline polymer phase [17].  
3.2. Conductivity characteristics of electrolytes containing different TiO2 nanoparticle concentrations 
The dependence of ionic conductivity of the agarose electrolytes on TiO2 concentration at 30 oC is 
represented in Fig. 2. With an increase in TiO2 contents in agarose electrolyte systems, the ionic 
conductivities increase, reach a maximum value of 5.12×10-4 S cm-1at a filler content of 5 wt %, and then 
decrease as the filler increasing to 30 wt %. 
 
Fig. 2. Conductivity isotherms determined at 30 oC for agarose based polymer electrolytes depending on TiO2 nano-particle 
concentration. 
At low TiO2 contents (5 wt %), the interaction between polymer and nanoparticles form an interface 
between these two components, which acts as bridge for ion transport in the electrolytes. This would 
contribute mainly to enhancement of total conductivity. However, at high TiO2 contents (>5 wt %), 
continuous non-conductive phase built up by the ceramic fillers would block ion transport in the 
electrolytes, leading to low ionic conductivity [18]. 
3.3. Photovoltaic performance and electrochemical characterization of the agarose electrolyte based 
DSSC with different TiO2 nanoparticle concentrations 
The photovoltaic performance of the DSSCs is optimized for different concentrations of TiO2 
nanoparticle. The dependence of short-circuit current (Jsc), open-circuit voltage (Voc), the fill factor (FF), 
and the photo-to-current conversion efficiency (Ș) on the TiO2 concentration is shown in Fig. 3. 
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Fig. 3.  Variation of (a) photo-to-current conversion efficiency (Ș), (b) fill factor (FF), (c) open-circuit voltage Voc, and (d) short--
circuit photocurrent density Jsc with TiO2 nano-particle concentrations in the agarose polymer electrolytes. 
The Jsc of the DSSC increases appreciably from 7.76 to 11 mA cm-2 with the increase of TiO2 
nanoparticles from 0 to 2.5 wt % and decreases with the further increase. While the Voc decreases with 
increasing TiO2 concentration particularly in the range of 0- 2.5 wt %. The best efficiency (Ș) in the TiO2 
nanoparticle concentration studied is 4.74% at 2.5 wt %. This shows that 2.5 wt % of nano- TiO2 is 
enough for getting good performance of the DSSC.  
Meanwhile, to further understand the electron and ionic transport in the DSSCs with different nano-
TiO2 addition, the electrochemical impedance spectroscopy was studied, and the results are shown in Fig. 
4. The figure is given in the form of Bode (Fig. 4a) plots. Figure 4b exhibits the relationship between the 
TiO2 filler concentration and the electron lifetime.  
There are three peaks in Bode phase plots (Fig. 4a) which are attributed to the charge-transfer 
processes (I3í +e=3Ií) at the Pt/electrolyte interface (frequency regions 103-105 Hz); the charge 
recombination reaction process (I3í +2ecbí(TiO2) =3Ií) occurred at nanocrystalline TiO2/electrolyte 
interface (frequency regions 1-103 Hz); and the Ií/I3- diffusion process occurred in the electrolyte 
(frequency regions 10-1-1 Hz) [19, 20]. In the Bode phase plots, the characteristic middle frequencies are 
inversely proportional to the electron lifetime (Ȧ = Ĳí1) in TiO2 according to the EIS theory [21, 22].  
As seen in Fig. 4a the characteristic middle frequency peaks of the DSSCs with different content of TiO2 
shifts to higher frequency as TiO2 amounts increasing. The middle frequency peak, which is located at 
3.98 Hz of the 0 wt% TiO2 added DSSC, moves gradually to 11.9 Hz of the 30 wt % TiO2 added DSSC. 
In Fig. 4b, the electron lifetime decreases with the increase in TiO2 content, this indicated a shorter 
electron lifetime and more back-reaction in the higher TiO2 content based DSSC. The increased electron 
back-recombination implies lower Voc of the DSSC. 
4. Conclusions 
Agarose based polymer electrolytes for DSSC with different p inorganic filler TiO2 concentrations 
were studied. The initial increase in TiO2 concentrations improves the conductivity of the polymer 
electrolytes, while further increase in TiO2 concentrations makes the conductivity decrease. The 
maximum energy conversion efficiency of 4.74% was achieved at 2.5 wt % TiO2 based DSSC. The Voc 
of the cells with these polymer electrolytes decrease with TiO2 concentration in electrolyte. This result is 
closely related to the electron lifetime in the cells according to electrochemical impedance studies. 
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